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Abstract 16 
 17 
Geological storage of CO2 generally involves injection of a CO2 stream into a high porosity and 18 
permeability reservoir, contained by one or more overlying low permeability formations.  19 
Sandstone reservoirs and associated cap-rocks of targeted CO2 storage sites therefore have 20 
distinct properties such as porosity and mineral contents.  Their geochemical response or 21 
reactivity to injected supercritical CO2 and associated changes in porosity, and permeability 22 
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affecting scaling, mineral trapping, injectivity, or migration can therefore be very different.  Six 23 
drill core samples including quartz-rich sandstones, calcite cemented sandstones, and feldspar or 24 
clay-rich cap-rocks from a proposed demonstration site in the Surat Basin, Australia, were 25 
characterized before and after reaction with pure supercritical CO2 and low salinity formation 26 
water.  The quartz-rich sandstones have low reactivity, and maintain high porosities with visible 27 
pore connectivity after reaction, they are unlikely to be affected by scaling.  Kaolin and fine 28 
grain movement observed via µCT and SEM could have the potential to open or plug pores, 29 
potentially increasing or decreasing permeability and CO2 injectivity.  Calcite cemented 30 
sandstones had the greatest measured change in porosity after reaction via calcite dissolution.  31 
Narrow angular channels were formed in the calcite cement around framework grains, extending 32 
through to the center of the sub-plug in the courser grained rock, and surface roughness 33 
increased.  Solution pH was however quickly passivated.  The highest concentrations of Ca, Mn, 34 
Sr, and Mg were released to solution from calcite dissolution.  Clay (and feldspar) rich cap-rock 35 
core had mainly microporosity and the smallest initial pore throat diameters associated with 36 
clays.  Small changes to µCT calculated porosities after reaction were related to a decrease in 37 
chlorite X-ray density, and dissolution of patchy carbonate minerals.  Pores were disconnected in 38 
µCT images, except for some created horizontal connection along a sandy lamination in a cap-39 
rock.  Dissolved concentrations of Ca, Fe, Si, Sr, Mn, Li and Mg increased via dissolution of 40 
both carbonate and silicate minerals.  Dissolved Ca, Fe, Mn and Mg from silicate minerals in the 41 
cap-rock were available for longer term mineral trapping of CO2.  Potential increases in porosity 42 
and migration will be highest in the calcite cemented zones, while clay-rich cap-rocks could be 43 
expected to maintain integrity.  There is a low likelihood of mineral trapping or scaling in the 44 
quartz rich lower Precipice Sandstone.   Overlying rocks can provide Fe, Mg, Ca for mineral 45 
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trapping of CO2 as ferroan carbonates such as siderite, ankerite and dolomite over longer time 46 
scales when pH is buffered.                              47 
Changes to porosity, mineral content, and water chemistry after pure CO2 reaction observed here 48 
and in other published studies were dependent on mineral content and fluid accessibility.  These 49 
results could be generalized to other sandstone reservoirs where it is expected to inject CO2.  The 50 
results can also be used to validate geochemical models to build longer term predictions. 51 
 52 
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1. Introduction  61 
 62 
CO2 geological storage has been targeted traditionally in deep saline aquifers with generally 63 
sandstone or carbonate reservoirs (Carroll et al., 2013; Fischer et al., 2013; Lamy-Chappuis et 64 
al., 2014; Wdowin et al., 2014; Xu et al., 2005).  Several demo sites are in operation or under 65 
feasibility study worldwide, with the first carbon capture and storage (CCS) site, Boundary Dam 66 
in operation in Canada (Rostron et al., 2014).  Many potential CO2 storage complexes worldwide 67 
are sandstone reservoirs with shale/mudstone and/or carbonate cap-rocks.   Understanding the 68 
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key lithologies, their potential reactivity to supercritical CO2 and formation water, and the 69 
resulting changes in porosity, injectivity, CO2 migration and water chemistry through 70 
experiments and models, can decrease the uncertainty for a storage site prior to field injection 71 
tests.      72 
In Australia, the CO2CRC has operated an underground CO2 storage lab at Otway, Victoria; and 73 
the Gorgon CO2 injection project is expecting to commence injection of CO2 from its gas 74 
processing plant offshore in the Dupuy Formation, Barrow Island, Western Australia (Flett et al., 75 
2009; Jenkins et al., 2012).  The three main areas targeted for CO2 storage in Australia are an 76 
offshore site in the Gippsland Basin, Victoria (CarbonNet); the Lesueur Sandstone, Southern 77 
Perth Basin, Western Australia (South West Hub); and the Precipice Sandstone, Surat Basin, 78 
Queensland (e.g. the CTSCo Surat CCS project) (Dawson et al., 2015a; Harkin et al., 2017; 79 
Hodgkinson and Grigorescu, 2012; Saeedi et al., 2016).  The Precipice Sandstone is a low 80 
salinity fresh to brackish aquifer with a predicted high prospectivity for CO2 storage (Farquhar et 81 
al., 2013; Horner et al., 2014).  The Surat CCS project proposes to inject 60,000 tonnes of CO2 82 
per year, for 3 years, into the low salinity Lower Precipice Sandstone (Global CCS Institute).  83 
The Evergreen Formation acts as a regional seal, and the Hutton Sandstone, a low salinity 84 
aquifer, is stratigraphically above the Evergreen Formation.  The potential for larger scale 85 
injection into the central basin is also under assessment.   86 
 87 
Laboratory scale CO2-water-rock reactions of drill core from CO2 storage demonstration or 88 
target sites have been employed in feasibility (or trouble shooting) studies to understand 89 
potential changes to mineral content, porosity, permeability, injectivity or CO2 migration, water 90 
chemistry or the potential for mineral trapping. Published CO2-water-rock reactivity experiments 91 
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with reservoir or cap-rock drill core material have mainly been performed with high salinity 92 
brines to replicate deep saline aquifer targets in the USA, Europe, etc.  The temperature and 93 
pressure conditions employed have varied widely according to reservoir conditions or technical 94 
limitations e.g. ~25 - 250°C, ~6 - 20 MPa.  Additionally different timescales and setups are used 95 
under static or flow conditions, including unstirred or stirred batch reactors, flow-through or 96 
percolation, or conventional core-flood.  Kaszuba and co-workers were probably the first to 97 
demonstrate the potential higher reactivity of cap-rocks, with precipitation of siderite and 98 
magnesite on shale in experiments simulating CO2 storage with saline aquifer and aquitard 99 
material at 200°C and 20 MPa after 45 days reaction (Kaszuba et al., 2005).  Mt Simon 100 
Sandstone and Eau Claire shale reservoir and cap-rock from the Illinois Basin−Decatur Geologic 101 
Carbon Sequestration Project demonstration site were batch reacted with brine for a month, and 102 
then CO2-brine for an additional month at 51°C and 19.5 MPa (Carroll et al., 2013).     They used 103 
a geochemical modelling Monte Carlo approach to fit the changes in water chemistry, with the 104 
optimum fit indicating dissolution of illite, K-feldspar and incongruent dissolution of an Fe-rich 105 
clay, with higher dissolved concentrations of Fe, Si and Al measured from the reaction of the 106 
shale. The data also suggested montmorillonite, chalcedony/amorphous silica, and kaolinite 107 
precipitation were occurring where dissolved ion concentrations stabilized over time.  Sandstone 108 
and siltstone cores from the reservoir and cap-rocks of the Ketzin pilot site, Germany, were batch 109 
reacted with CO2 and brine for 6 – 40 months at 40°C and 5.5 MPa (Fischer et al., 2013).  110 
Mineral corrosion features were reported on K-feldspar, anhydrite and the anorthite component 111 
of plagioclase in the siltstones after six months, with the same minerals plus chlorite, analcime, 112 
and hematite corroded in the sandstones after 21 months.  Lower Jurassic sandstone reservoir 113 
rocks and claystone cap-rocks from Poland were also batch reacted for 18 months at 25°C and 6 114 
 6 
 
MPa CO2 (Wdowin et al., 2014).  Feldspars, mica and pyrite were observed by SEM to be 115 
corroded, with low crystallinity kaolinite precipitated with halite.        116 
Chlorite-rich sandstones of the Pretty Hill Formation from the Otway Basin were reacted by CO2 117 
percolation experiments (Luquot et al., 2012).  Reaction of chalmosite, feldspars and laumontite 118 
were reported at 95°C and 10 MPa with precipitation of Fe-carbonate and kaolinite in flow 119 
pathways decreasing permeability.  A fractured Marl cap-rock from the Hontomin pilot site, 120 
Spain, was also subject to CO2 percolation with a sulphate-rich brine at 60°C and total pressure 121 
of 150 bar (Dávila et al., 2016).  Calcite dissolution and gypsum precipitation were observed 122 
with fracture permeability decreasing via gypsum precipitation, however permeability remained 123 
the same in similar experiments without sulphate (no gypsum precipitation).  In contrast a 124 
significant increase of µCT porosity and permeability (with geomechanical weakening) were 125 
reported in limestone core-flooding experiments at 50°C and 10 MPa pore pressure via 126 
dissolution of calcite (Lebedev et al., 2017).  Smith and co-workers also reported slight or 127 
significant increases in permeability of dolostone or limestone after core-flooding at 60°C and 128 
fluid outlet pressure of 12 MPa for 1-3 days (Smith et al., 2013).  Reservoir sandstones of the 129 
South-West Hub target site in Australia in contrast had significant decreases in permeability (by 130 
25-60 %) after CO2 core-flooding at 60 - 69°C and 19 – 25 MPa pore pressure (Saeedi et al., 131 
2016).  Porosities however remained similar, with the permeability changes attributed to the 132 
decreased pH destabilizing kaolinite which migrated plugging pore throats.  133 
While the above studies at high salinity conditions demonstrate generally higher reactivity of 134 
calcite cements and potentially clay-rich cap-rocks that reservoir sandstone, changes in water 135 
chemistry, porosity or permeability can be more complex.  The different conditions used in each 136 
study, especially temperature, and batch or flow conditions complicate direct comparisons 137 
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between rock types in different studies.  In addition different, and in some cases indirect 138 
characterization techniques are used before and after reaction.  This can increase uncertainty 139 
owing to the heterogeneous nature of rock core e.g. if destructive techniques such as XRD or 140 
MICP necessitate different core sections to be analyzed before and after. 141 
A comparison of different rock type responses to CO2 reaction are needed with a range of 142 
techniques.  Specific to the Surat Basin target site, rocks from the site need to be assessed with 143 
CO2 and low salinity brine.  Very few CO2-water-rock studies on reservoir and cap-rock core 144 
exist at low salinity conditions.  A few researchers have previously used cores from the Surat 145 
Basin from wells drilled in the 1960s.  The potential to use CO2-water-rock reactions as natural 146 
tracers for CO2 leakage was investigated at low pressures of CO2 (Horner et al., 2014). 147 
Dissolution of minerals including calcite cements and chlorite were reported for CO2-water-rock 148 
and SO2-CO2-water-rock reactions (Farquhar et al., 2015;Pearce et al., 2015).    149 
Two quartz rich sandstones, two calcite cemented sandstones, and two cap-rocks consisting of a 150 
clay-rich laminated mudstone and a feldspar-rich sandstone were selected from Precipice 151 
Sandstone, Hutton Sandstone, and Evergreen Formation drill core from a well drilled for the 152 
Surat Basin CCS project feasibility study.  These were reacted with supercritical CO2 and low 153 
salinity formation water at reservoir conditions.  The rock porosities, pore structures, and mineral 154 
components were characterized in detail before and after reaction, along with the water 155 
chemistry to understand the response of the different rock lithologies.    156 
 157 
2. Methods 158 
Drill core was sampled from the West Wandoan 1 well (Lat. 26° 10' 53.84" S, Long. 149° 48' 159 
44.72" E) that was drilled in 2012 in the Surat Basin, Queensland, Australia, for a demonstration 160 
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scale CO2 storage feasibility study (Surat CCS project, EPQ7).  Six sampled core depth sections, 161 
sample names and descriptions are given in Table 1.  Sample names e.g. P1217m are modified to 162 
P1217mCO2 to describe the rock samples (sub-plug or block) after reaction with pure CO2 and 163 
low salinity brine. 164 
 165 
The Precipice Sandstone has low salinity (fresh to brackish) formation water, and a salinity 166 
generally representative of the Precipice and Hutton Sandstone (1500 ppm) was used in 167 
experiments since formation water was not sampled at West Wandoan 1 well (Feitz, 2014; 168 
Hodgkinson and Grigorescu, 2012).  (More recent data indicates the local formation water in the 169 
region of the proposed storage site demo may be a lower salinity in the Precipice Sandstone).     170 
Micro CT (µCT) was performed on sub-plugs and QEMSCAN on sub-plug slices before and 171 
after reaction.  The sub-plug dimensions and voxel sizes are given in Table 2 along with 172 
QEMSCAN and associated SEM resolutions.  Owing to the varying grain sizes in the samples, 173 
smaller diameter sub-plugs needed to be used for the cap-rocks and calcite cemented rock 174 
samples to optimize the µCT resolution.  The methods for µCT (FEI Heliscan) and SEM and 175 
QEMSCAN (2D FEI Quanta FEG 650F, FEI QEMSCAN) were described in detail in previous 176 
studies including one that describes the impure CO2 (CO2-SO2-O2) brine reaction of sub-plugs 177 
cored adjacent to those in the current study (Golab et al., 2015; Golab et al., 2010; Pearce et al., 178 
2016).        179 
The end slice was trimmed from each sub-plug and a polished section prepared for higher-180 
resolution SEM imaging and FEI QEMSCAN analysis. After the sub-plugs were reacted the 181 
analysis process was repeated using the polished section taken from the same end of the sub-182 
plug.  183 
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  184 
 185 
Table 1: Sampled drill core depth sections and descriptions. 186 
Formation Precipice 
Sandstone 
Precipice 
Sandstone 
Evergreen 
Formation 
Evergreen 
Formation 
Evergreen 
Formation 
Hutton 
Sandstone 
whole core 
depth (m) 
1217.48-
1217.55 
1165.44-
1165.52 
1056.10-
1056.18 
1043.70-
1043.77 
981.24-981.31 800.70-
800.85 
Sample 
name 
P1217m P1165m E1056m E1043m E981m H800m 
Description Coarse- to 
very 
coarse-
grained 
quartz-rich 
sandstone 
Medium-
grained 
quartz-rich  
sandstone 
Calcite-
cemented 
fine-
grained 
sandstone 
Fine-
grained 
sandstone 
with mud 
rip-up 
clasts 
Interlaminated 
mudstone, 
siltstone and 
fine-grained 
sandstone 
Calcite 
cemented 
sandstone 
 187 
Table 2: Sub-plug sizes, and resolution of characterization techniques. 188 
Sample 
name 
 P1217m P1165m E1056m E1043m E981m H800m 
sub-plug 
diameter 
mm 8 6 3 3 3 3 
CT 
resolution 
voxel 5.1 3.8 1.9 2.1 2.2 2.3 
SEM 
resolution 
nm 979 490 394 298 413 394 
QEMSCAN 
resolution 
pixel µm 2.5 na 1.9 2.1 1.9 2.9 
 189 
Tomograms taken before and after CO2-brine reaction, were 3D:3D registered into perfect 190 
geometric alignment with one another to characterize changes caused during the gas-brine-rock 191 
interaction.  In the case of E981m and E981mCO2, the sub-plug broke during reaction therefore 192 
only a section of the sub-plug was used for comparison.  Sub-resolution pores in clay etc. were 193 
quantified using a tomogram differencing technique with sub-plug saturation with X-ray 194 
attenuating brine to highlight connected pore space as described previously (Golab et al., 2015; 195 
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Golab et al., 2010; Pearce et al., 2016). A decrease in X-ray density after reaction was then used 196 
to calculate changes to the sub-resolution porosity after CO2-brine reactions. Therefore this 197 
change represents increases to porosity, but also the physical loss of grains, the movement of 198 
fines, and changes in X-ray density of minerals through leaching of X-ray dense metals.  199 
 200 
SEM-EDS was separately performed before reaction on uncoated unpolished 15 mm core blocks 201 
to identify accessory minerals and textures (JEOL JSM-6460LA environmental SEM, Minicup 202 
EDS).  After reaction, the same positions were also analyzed, where possible, to identify mineral 203 
dissolution, precipitation or grain movement and avoid ambiguity with previous diagenetic 204 
alteration (Dawson et al., 2015b).  Core material pore throat distributions and total porosities 205 
were determined by mercury injection (MICP) with the methods described previously (Dawson 206 
et al., 2015a; Farquhar et al., 2015; Massarotto et al., 2010).   207 
For each drill core depth section, intact core material was separately reacted in lined reactors at 208 
60° C and 12 MPa to stimulate reservoir conditions.  The reactors are based on Parr reactors and 209 
have been described in detail previously (Pearce et al., 2015). Briefly, they are unstirred batch 210 
reactors, fully lined in PEEK to avoid fluid contact with the reactor (Appendix Figure A). The 211 
temperature is controlled by a thermostat to ± 0.2°C, and pressurized samples of water or gas can 212 
be taken via a dip tube system.  The sub-plug, a 15 mm block, and offcuts were submerged in 213 
100ml of deoxygenated 1500 mg/kg NaCl brine to approximate formation water in the basin, 214 
with a water-rock ratio of ~10 (Hodgkinson and Grigorescu, 2012). The E1056m and H800m 215 
rock samples were however reacted in a 1% KCl brine to prevent potential disaggregation of 216 
sub-plugs from clay swelling.  Reactors were then purged to remove air and pressurized with N2 217 
using an ISCO injection pump (500D).  After 3 days fluids were sampled to provide a baseline 218 
 11 
 
water – rock chemistry, the reactors were then depressurized, and repressurized with food grade 219 
CO2 from a cylinder with a dip tube.  During reactions, brine was sampled periodically (~0.5 ml), 220 
and the pH and conductivity were measured immediately ex situ before degassing significantly 221 
altered the pH (TPS WP81 and probes, error ± 0.01).  The low salinity brine samples were 222 
filtered with a 0.45 µm filter, diluted 10 times, acidified with 2% ultrapure HNO3 and stored in a 223 
refrigerator prior to analysis by Inductively Coupled Plasma Optical Emission Spectroscopy 224 
(ICP-OES) (Perkin Elmer Optima 3300DV, error < 5%).  Extra low salinity brine was not added 225 
during reactions, and generally the reactors maintained their pressures ± 5 bar and didn’t need 226 
repressurisation with CO2.   227 
In situ pH was calculated using the react module of Geochemist Workbench 9 (GWB) using 228 
experimental data as the initial water chemistry and mineralogical input with methods similar to 229 
those described in detail previously (supplementary material) (Bethke and Yeakel, 2012; 230 
Farquhar et al., 2015; Pearce et al., 2015). 231 
 232 
3. Results  233 
 234 
3.1 Quartz-rich Reservoir Sandstones 235 
3.1.1 Before reaction 236 
The µCT images of the Precipice Sandstone core sub-plugs show visible open porosity between 237 
quartz grains where the darkest areas in the image are open porosity, and intermediate grey is 238 
kaolin (Figure 1).  µCT porosities of 21.5 and 18.7% were determined for P1217m and P1165m 239 
respectively (Table 3), these were in good agreement with porosities determined from mercury 240 
injection of 22 and 18.5 % on adjacent core samples (Dawson et al., 2015a).  The QEMSCAN 241 
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mineral contetns are shown in Table 4, where N/A indicates where the measurement could not be 242 
performed, and  unclassified and traces is the quantity of unclassified minerals and organic 243 
matter. Small amounts of clay fill, rim and bridge pores, with QEMSCAN and SEM images 244 
indicating the clay is mainly kaolin (Figure 2, Table 4, Figure 3A, Figure 5A, and Supplementary 245 
material).  SEM-EDS observations of the block pre-reaction indicated that P1217m also 246 
contained generally more illite than muscovite.      247 
Trace amounts of minerals identified via SEM-EDS surveys of core blocks are listed in Table 5 248 
and included rutile, pyrite, zircon, and calcite.  K- or Na-sulphate and halite were also 249 
occasionally present but may have originated from dried pore fluids or residual drilling fluid 250 
(Supplementary material).  The pore throat distribution of P1165m was unimodal with larger 251 
pore throat diameters than the other Evergreen Formation or Hutton Sandstone samples (Figure 252 
4). 253 
     254 
Table 3: Sub-plug µCT properties as volume %.  * Consisted of chlorite. # Calculated sub-255 
resolution porosity. 256 
Formation Precipice 
Sandstone 
Precipice 
Sandstone 
Evergreen 
Formation 
Evergreen 
Formation 
Evergreen 
Formation 
Hutton 
Sandstone 
Sample P1217m P1165m E1056m E1043m E981m H800m 
Matrix - - 22.5 52.2 84.1 32.13 
Clay content 3.9 6.3 - - - - 
Framework 
grain content 
74.5 74.9 76.8 41.7 11.9 59.5 
Heavy mineral 
content 
0.2 0.1 0.4 5.7 3.3* 0.2 
Macroporosity 21.5 18.7 0.1 0.2 0.1 0.3 
Microporosity# - - 6.7 3.7 5.1 4.9 
Total porosity 21.5 18.7 6.8 3.9 5.2 5.2 
Organic matter - - 0.2 0.3 0.6 - 
 257 
 258 
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3.1.2 After CO2-brine Reaction 259 
After reaction, µCT and SEM images indicated that movement of kaolinite booklets and fine 260 
material or grains had occurred within the plugs pores (with some loss of grains on the 261 
outside edge of the sub-plug).  For example Figure 1 B and C shows movement of kaolinite 262 
and fine grains (red circles) in the P1217mCO2 sub-plug, and Figure 5 A and B in the 263 
P1165mCO2 core block.  Overall very small differences in the QEMSCAN mineralogy after 264 
reaction was likely due to heterogeneity between the sub-plug slices, with no discernable 265 
change in porosity.  The calculated change of < 0.5 % was mainly owing to movement of 266 
clays or fines (Table 6).  SEM-EDS surveys of the blocks after reaction indicated only trace 267 
sulphates or halite dissolved, with no other obvious mineral dissolution.        268 
 269 
 270 
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Figure 1: µCT tomogram images of sub-plugs. A)  P1217m before reaction. B) P1217m. C) 271 
P1217mCO2 after reaction, with movement or loss of fines circled in red. D) P1165m before 272 
reaction. 273 
 274 
 275 
 276 
Figure 2: QEMSCAN images of sub-plug slices (before CO2-brine reaction). A) Mineral legend. 277 
B) P1217m. C) E1056m. D) E1043m. E) E981m. F) H800m. 278 
 279 
Table 4: QEMSCAN quantified mineral contents as area % in the sub-plug slices.  Pre and post 280 
are before and after pure CO2-brine reaction. * ~ 2% illite was detected in other sections of 281 
adjacent core by XRD and SEM.  282 
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Sample P1217m P1165m E1056m E1043m E981m H800m 
 Pre Pos
t 
Pre Post Pre Post Pre Post Pre Po
s 
Pre Post 
Quartz 96.8 98.
3 
N/
A 
96.1 21 24.2 57.6 56.9 37 N/
A 
36.5 36.3 
Alkali 
feldspa 
0 0 N/
A 
0 11.8 11.3 5.4 6.5 2.7 N/
A 
7.1 8.3 
Plagioclase 0 0 N/
A 
0 21.6 23 26.6 26.5 12.6 N/
A 
7 8.2 
Muscovite/ 
Illite 
0.2 0.1 N/
A 
0.3 0.2 5.7 1.7 1.6 1.1 N/
A 
2.3 3.6 
Biotite 0 0 N/
A 
0 0 2.1 1.4 1.3 5.6 N/
A 
0.3 0.4 
Illite-
Smectite 
0 0 N/
A 
0 9.2 8.2 0* 0 15.6 N/
A 
0 0 
Kaolinite 2.8 1.4 N/
A 
3.4 0.6 0.7 0.9 0.8 2.1 N/
A 
5.7 9.9 
Chlorite 0 0 N/
A 
0 0.8 1.7 3.1 3.3 8.7 N/
A 
0.7 1.2 
Calcite 0 0 N/
A 
0 30.1 19.2 0.3 0 0.1 N/
A 
38.4 30.1 
Apatite 0 0 N/
A 
0 0 0.1 0.1 0 0.1 N/
A 
0 0 
Rutile 0 0 N/
A 
0.1 0 0 0.2 0 0 N/
A 
0 0 
Unclassifie
d and traces 
0.2 0.2 N/
A 
0.1 4.7 4 2.7 3 14.2 N/
A 
0.2 2.1 
Total 100 10
0 
N/
A 
99.9 100 100 100 99.9 99.9 N/
A 
100 100.
1 
Total 
Clay/Mica 
3 1.5 N/
A 
3.6 10.8 16.3 7.1 7 33.1 N/
A 
9 15.1 
 283 
 284 
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 285 
Figure 3: SEM images from areas of the sub-plug slices (before reaction).  A) P1217m pore 286 
filling kaolinite (image width 300 µm), B) P1165m pore filling kaolinite (image width 120 µm), 287 
C) E981m pore filling chlorite (image width 127 µm), D) E1056m pore filling illite/smectite and 288 
calcite from 500 µm into the sub-plug center (image width 200  µm) and inset illite/smectite 289 
(image width 30 µm), E) E1056mCO2 after reaction with dissolution channels in calcite (image 290 
width 400 µm), and inset calcite and illite/smectite (image width 75 µm).  Qz = quartz, Ka = 291 
kaolinite, Ch = chlorite, I/S = illite/smectite, Ca = calcite, Pl = plagioclase. 292 
 293 
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 294 
Figure 4: Pore throat diameter distributions from mercury injection.  Core material sampled 295 
adjacent to sub-plugs was used.  Note data for E1043m and E981m from (Pearce et al., 2018). 296 
 297 
Table 5: Accessory (minor and trace) minerals identified in SEM-EDS in addition to 298 
QEMSCAN. 299 
Sample P1217m P1165m E1056m E1043m E981m H800m 
QEMSCAN 
unidentified 
%  
0.2 na 4.7 2.7 14.2 0.2 
SEM-EDS 
identified 
accessory 
phases in 
core cubes 
K-sulphate, 
Na-sulphate, 
rutile, 
zircon, 
framboidal  
pyrite and 
chalcopyrite, 
halite,  
K-
sulphate, 
Na-
sulphate, 
rutile, 
zircon, 
Cu-
oxide?, 
halite, 
calcite. 
Organic 
matter, 
apatite,  
rutile, 
sphalerite 
Organic 
matter, 
barite, REE-
monazite, 
apatite, 
zircon, rutile, 
pyrite, 
sphalerite, 
illite 
Organic 
matter, 
apatite, 
rutile, 
sphalerite, 
zircon 
Organic 
matter, 
zircon, 
rutile, 
REE-
monazite, 
apatite, 
sphalerite, 
illite/smec
tite 
 300 
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 301 
 302 
Figure 5: SEM figures of core block surfaces before and after CO2 brine reaction. A) P1165m, 303 
inset pyrite in P1217m (image width 60 μm). B) P1165m after reaction with black arrows 304 
indicating movement of kaolinite and fines, inset kaolin (image width 80 μm).  C) E1056m. D) 305 
E1056mCO2 after reaction with calcite dissolved and inset sphalerite (image width 250 μm).  E) 306 
E1043m calcite.  F) E1043mCO2 after reaction with calcite dissolved.  G) E981m with sandy 307 
lamination in center. H) E981mCO2 after reaction. I) H800m with calcite cementing framework 308 
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grains, and inset Ti-oxide (image width 60 μm).  Ka = kaolinite, Ca = calcite, Qz = quartz, Ch = 309 
chlorite, Zr = zircon, Org = organic matter.   310 
 311 
Table 6: Sub-plug µCT density % change after CO2-brine reaction.  *Movement of clays and 312 
fine material only. 313 
Sample P1217mCO
2 
P1165mCO
2 
E1056mCO
2 
E1043mCO
2 
E981mCO
2 
H800mCO
2 
Depth / 
m 
1217.48 1165.44 1056.1 1043.7 981.24 800.83 
Change 
after 
reactio
n 
<0.5* < 0.5* 6.73 1.74 2.01 6.1 
 314 
 315 
3.1.3 Water Chemistry  316 
The solution ex situ measured pH during the reactions of P1217m and P1165m are shown in 317 
Figure 6.  Solution pH decreased to ~ 4, with the in situ calculated pH ~ 3.3 (Supplementary 318 
material).  The higher ex situ measured pH compared to the expected in situ pH is well 319 
documented in experimental studies to be due to CO2 degassing as pressure is lowered on fluid 320 
sampling.  The dissolved concentrations of major and minor ions (e.g. Ca, Mn, Mg, Sr) were 321 
generally low reflecting the low reactivity of the minerals (Figure 6, and Supplementary 322 
material).  The concentrations of Ca and Mn were correlated from the reaction of P1165m which 323 
contained traces of calcite (Figure 6F).  The concentration of several ions including Fe, S, and Zn 324 
increased during reaction of P1217m which contained pyrite (Supplementary material).  325 
Dissolved Mn was correlated with Fe, and also S, Ni and Co from P1217m (Supplementary 326 
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material) likely reflecting reaction of sulphides (or possibly also Fe-oxide/siderite grain 327 
coatings).              328 
 329 
Figure 6: Water chemistry during CO2 – brine reactions.  The point at time zero is the rock-brine 330 
soak before addition of CO2.  A) Solution pH (ex situ). B) Dissolved Ca concentration. C) 331 
Dissolved Si concentration. D) Dissolved Sr concentration.  E) Dissolved Li concentration. F) 332 
Correlation of dissolved Ca and Mn concentration. 333 
 334 
 335 
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3.2 Calcite Cemented Sandstone 336 
3.2.1 Before reaction 337 
QEMSCAN and µCT images of E1056m and H800m revealed framework grains and pore filling 338 
clays cemented by calcite (Figure 2 C, F, and Figure 7 A, D).  The µCT calculated porosities 339 
were 6.8 and 5.2 % respectively (Table 3).  The majority of the µCT porosity was sub-resolution 340 
(< 1.9 or 2.3 µm) likely associated with clays.  These were in reasonable agreement with 341 
mercury injection porosities of 8.2 and 6.7 % taken on core material sampled adjacent to the 342 
subplugs (Dawson et al., 2015).  The pore throat distribution of E1056m was bimodal, with 343 
smaller pore throats than the Precipice Sandstone P1165m (Figure 4).  The majority of pore 344 
throats in E1056m are in the size range expected for clays such as illite (Kuila and Prasad, 2013).  345 
E1056m contained quartz, K-feldspar and plagioclase grains with illite and less kaolinite and 346 
chlorite (Table 4).  SEM-EDS identified accessory minerals including apatite, rutile, sphalerite, 347 
and organic matter (Table 5).   348 
The QEMSCAN slice from H800m contained more calcite and kaolinite compared to E1056m, 349 
and SEM-EDS of core offcuts indicated additional illite/smectite, apatite, sphalerite, rutile, 350 
zircon, monazite and organic matter (Table 4, 5, Figure 5).  H800m contained some weathered 351 
lithic grains with calcite filling grain fractures (Supplementary Material).  H800m also showed a 352 
wide range of pore throat sizes (Figure 4).   353 
Brine saturated connected porosity maps of E1056m and H800m are shown in Figure 8, where 354 
greyscale values directly correspond to the volume of brine filling the connected porosity at each 355 
voxel, ranging from black which indicates resolved porosity to white indicating solid material.  356 
Connected porosity maps indicated mostly disconnected pores (darker areas) associated with 357 
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clays and grain boundaries (Figure 8 A, D) (at the µCT resolution).  The corresponding SEM 358 
images of the sub-plug slices are shown in Figure 8 B, E.    359 
 360 
3.2.2 After Reaction 361 
After reaction with CO2-brine, dissolution of calcite cement occurred from both sub-plug 362 
samples and core blocks (Figure 7 B, E, Figure 8 C, F).  The calcite content determined by 363 
QEMSCAN decreased from 30 to 19 % in E1056mCO2, and from 38 to 30 % in H800mCO2 364 
(Table 4).  The kaolinite content detected by QEMSCAN in H800m increased from 5.7% to 365 
9.9% in H800mCO2.  This may represent precipitation of kaolinite, or some heterogeneity of 366 
kaolinite distribution in the sub-plug.  The µCT difference image are shown in Figure 7 C, F, 367 
where dark areas indicate the dissolution or loss of material. The µCT difference images show 368 
that calcite cement was dissolved almost completely ~ 300 µm into the sub-plug surface, with 369 
channels forming into the sub-plug centers, especially for the courser grained E1056mCO2 370 
(Figure 7 C, F).  Some dissolution of calcite cement into the center of H800mCO2 had also 371 
occurred although the majority of reaction appeared to have occurred on the edges of this finer 372 
grained sub-plug (Supplementary material).  Changes of 6.7 and 6 % in E1065mCO2 and 373 
H800mCO2 were determined from sub-plug µCT images (Table 6).  Where the calculated % 374 
change included increases to porosity through mineral dissolution but also potentially loss of 375 
grains or loss of X-ray density through ion leaching. SEM images of the sub-plug show the 376 
creation of angular dissolution channels in the calcite cement (Figure 3 E, 8 C, F).  Before and 377 
after SEM images of the core block show that calcite dissolution on the surfaces revealed pore 378 
filling clays (Figure 5 C, D).  The surfaces of silicate minerals framework grains however did not 379 
appear to be corroded.   380 
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    381 
 382 
Figure 7: µCT tomogram images of sections of the sub-plugs A) E1056m, B) E1056mCO2 after 383 
reaction, C) E1056mCO2 difference image where dark areas indicate dissolution or loss of 384 
material.  D) H800m, E) H800mCO2 after reaction, F) H800mCO2 difference image.    385 
 386 
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 387 
Figure 8: A) E1056m brine saturated tomogram connected porosity map. B) E1056m SEM 388 
image of sub-plug slice, C) E1056mCO2 SEM image of the sub-plug slice after reaction. D)  389 
H800m brine saturated tomogram connected porosity map, B) H800m SEM image of sub-plug 390 
slice, C) H800mCO2 SEM image of sub-plug slice after reaction.     391 
 392 
3.2.3 Water Chemistry 393 
During reaction of the calcite cemented samples, solution conductivity increased to 10 and 4 394 
ms/cm respectively for E1056m and H800m by the end of the reactions, and measured ex situ pH 395 
initially decreased slightly then increased to ~ 5 – 6 (Figure 6A).  The calculated in situ pH was 396 
~ 4.5 – 4.6 (Supplementary Material).  The concentration of dissolved Ca increased to ~ 750 and 397 
600 mg/kg during the reactions of E1056m and H800m (Figure 6B).  The concentrations of 398 
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major and minor ions including Mg, Mn, Sr, Li, and S also increased (Figure 6, and 399 
Supplementary Material).  The dissolved concentration of Mn was strongly correlated with Ca 400 
indicating a similar source from the calcite cement (Figure 6 F).  The concentration of Fe 401 
initially increased and subsequently stabilized or decreased to 8 and 2 mg/kg from E1056m and 402 
H800m (Supplementary Material).  The concentration of Si remained below 5 mg/kg.  The 403 
concentration of Li from E1056m increased and may be associated with Ca induced ion 404 
exchange from clays.    405 
       406 
3.3 Feldspar or Clay-rich Cap-rocks 407 
3. 3.1 Before reaction 408 
 409 
The cap-rock cores E1043m and E981m contained relatively high heavy mineral contents, with 410 
relatively high plagioclase feldspar and clay contents respectively (Table 3, 4).  E1043m was a 411 
fine grained sandstone with X-ray dense chlorite and carbonates (Figure 9A).  E1043m appeared 412 
to contain some connected porosity (Figure 10A).  E981m was an interlaminated mudstone, 413 
siltstone and fine grained sandstone (Figure 2E, and Supplementary Material).  E981m contained 414 
some connected porosity in courser sandy layers (Figure 10B), and X-ray dense chlorite and 415 
carbonates (Figure 9D).  The µCT calculated porosities of E1043m and 981m were 3.9 and 5.2 416 
% respectively mainly composed of sub-resolution calculated porosity (Table 3).  This was in 417 
reasonable agreement with mercury porosities of 5.5 and 8.4 % from adjacent core material.  418 
Pore throat distributions showed the majority of pore throats were however small and unlikely to 419 
allow flow (Figure 4) (Pearce et al., 2018).  The majority of pore throats in E981m are in the size 420 
range associated with clays such as illite.  Both sub-plugs contained trace amounts of several 421 
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minerals including calcite and sulphides, and also contained higher proportions of chlorite than 422 
the other cores (Table 4, 5).  Illite and chlorite were pore filling (Figure 3), with EDS of chlorite 423 
indicating it was Fe-rich and Mg-poor (Supplementary Material).                 424 
 425 
 426 
Figure 9: µCT tomogram images of sections of the sub-plugs A) E1043m, B) E1043mCO2 after 427 
reaction, C) E1043mCO2 difference image. D) E981m, E) E981mCO2 after reaction, F) 428 
E981mCO2 difference image. 429 
 430 
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 431 
Figure 10: A) Brine saturated tomogram connected porosity map  of E1043m, B) brine saturated 432 
tomogram connected porosity map of E981m, C) the after reaction registered µCT tomogram 433 
image of a sub-plug section of E981mCO2 showing cracks or channels through the upper 434 
horizontal sandy section.  435 
 436 
 437 
3.3.2 After Reaction 438 
 439 
After reaction, the µCT images showed small changes (Figure 9 B, C, E, F, and Table 6) mainly 440 
related to decreases in the X-ray density of chlorite, and also from carbonate dissolution.  The 441 
sub-plug of E981mCO2 had broken during reaction along the sandy layer; therefore a remaining 442 
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section was used for comparison analyses.  In the remaining sandy sections of the E981mCO2 443 
sub-plug some increases in µCT porosity appeared to be related to created horizontal porosity or 444 
physical disaggregation or cracks (Figure 10 C).  SEM-EDS of the core cubes before and after 445 
reactions showed corrosion of calcite (Figure 5) and apparent leaching of Fe from chlorite on the 446 
surfaces.  Some corrosion of chlorite and feldspar was also detected in the sub-plugs.  In the 447 
center of the sub-plug however chlorite appeared relatively unaltered indicating fluids did not 448 
penetrate significantly (Supplementary Material).           449 
 450 
3.3.3 Water Chemistry 451 
 452 
During reaction, the measured pH initially decreased to ~ 5 and subsequently increased slightly 453 
to ~ 5.2 – 5.5.  In situ calculated pH increased gradually during the reaction to ~ 4 454 
(Supplementary Material).  The dissolved concentration of Ca, Si, Sr, Li, Mg and Mn increased 455 
linearly from dissolution of carbonates and silicates (Figure 6, and Supplementary Material).  456 
The concentration of Fe mainly from chlorite in E981m increased linearly to 16 mg/kg, from 457 
E1043m Fe increased initially then decreased slightly to ~ 5 mg/kg indicating precipitation of an 458 
Fe-mineral (Supplementary Material).  Dissolved Ca was correlated with Mn and Ba indicating a 459 
similar source mineral, dissolving calcite cement.  Compared to the reactions of other core depth 460 
sections, the highest dissolved concentrations of Si were released by E981m and E1043m, and 461 
the highest Fe concentration from E981m.   462 
 463 
4 Discussion 464 
4.1 Reservoir rocks 465 
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The quartz rich Precipice Sandstones showed the least changes on CO2 – formation water 466 
reaction, with no discernable change in porosity.  Concentrations of major and minor dissolved 467 
ions were relatively low reflecting the low reactive mineral content.  The lowest pH was 468 
generated owing to the low buffering capacity of the core samples.  This would be favourable as 469 
it indicates CO2 injection into a quartz rich reservoir such as the lower Precipice Sandstone is not 470 
likely to be affected by localized mineral dissolution and subsequent precipitation or scaling 471 
reducing injectivity near the injection zone.  Several other authors have reported reactivity or 472 
corrosion of minerals in reservoir sandstones including K-feldspar and plagioclase.  After CO2-473 
brine reaction experiments, K-feldspar, anhydrite, anorthite chlorite, analcime, and hematite 474 
were reported to be corroded in reservoir sandstones of the Ketzin pilot site (Fischer et al., 2012).  475 
However that was after much longer (21 months) reaction of more feldspar and clay rich 476 
sandstones than the Precipice Sandstones reported here.  Wdowin and co-workers (2014) 477 
reported corrosion features on feldspar, pyrite and muscovite surfaces after CO2-brine reaction of 478 
Jurassic reservoir sandstones for 18 months.  Again however the difference to the current study 479 
likely reflects the lower quartz content (~40 % quartz vs ~ 95 % quartz in the Lower Precipice 480 
Sandstones) and longer reaction times employed.       481 
In the Lower Precipice Sandstones reacted here,  movement of kaolinite and fine grains were 482 
observed after reaction, and have the potential to affect permeability.  Significant decreases in 483 
permeability of 25 – 60 % during experimental CO2-brine tests have been reported by Saeedi for 484 
the reservoir rock, Lesueur Sandstone (Saeedi et al., 2016).  The authors attributed the decrease 485 
to the low pH during CO2 reaction destabilizing kaolinite and migration of kaolinite fines 486 
plugging pore throats. Dawson et al., (2015a) reported unstressed and stressed nitrogen and low 487 
salinity brine (1.5 g/l) permeabilities of selected Lower Precipice Sandstone cubes from the same 488 
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well as the current study before and after CO2 flow through experiments.  Unstressed N2 489 
permeabilities of 15 mm cubes of Precipice Sandstone from 1217 m depth were reported to be 490 
relatively homogeneous at 1481 (vertical =V), 1502 and 1541 mD (horizontal = H  a and b 491 
directions).  The vertical permeability decreased slightly after CO2 reaction to 1452 mD, 492 
however this < 3% change was attributed potentially to the measurement error. The N2 493 
permeabilities measured from 1165 m depth were lower at 642 mD V, 1042 mD Ha and 894 mD 494 
Hb indicating anisotropy in the finer grained laminated sandstone.  A larger 40 mm cube from 495 
1165 m had slightly lower N2 permeabilities of 624 mD V, and 591 mD H.  Dawson reported 496 
that the measured brine permeability of 1165 m was lower than the N2 perm and that the brine 497 
perm decreased slightly from 255 mD V to 236 mD after CO2 reaction. The reported brine 498 
permeabilities of a very course grained section from 1211 m were 203 mD V, 241 mD Ha, and 499 
244 mD Hb; and after CO2 reaction these all increased to 354, 337, and 360 mD respectively.  500 
This was attributed potentially to dissolution of minerals or loss of fines during reaction.  This 501 
shows that brine accessibility can be substantially lower than gas accessibility in the same 502 
sandstones, and that permeability may either decrease or increase after CO2 reaction depending 503 
on the characteristics of the rock.  Dawson and co-workers additionally reported that the vertical 504 
N2 permeability of the 1211 m sandstone decreased from ~ 500 to 300 mD as stress was 505 
increased from 0.5 to 12 MPa, attributed to grain compaction.  506 
Clearly further work is needed to measure the change in permeabilities after CO2 and high or low 507 
salinity brine reaction on a range of reservoir rocks with several replicates were possible to 508 
understand further the chemical and physical migration mechanisms involved and their effect on 509 
reservoir CO2 injectivity.              510 
   511 
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4.2 Calcite cemented core 512 
The calcite cemented cap-rocks E1056m and H800m tested here had the largest changes after 513 
CO2 – formation water reaction (relative to other rocks reported in this manuscript), with 514 
channels formed through the calcite cement, and increases in porosity.  A strong buffering of pH 515 
from calcite dissolution limited  silicate mineral alteration.  Several other studies have been 516 
published on CO2-brine reactivity of limestone (calcite and/or dolomite) core reporting the 517 
formation of “wormhole” type channels (Ellis et al., 2013; Lebedev et al., 2017; Smith et al., 518 
2013).  Lebedev (2017) measured increases to porosity and permeability of oolitic Savonnières 519 
limestone after CO2-brine reaction through dissolution of the calcite cement.  They also reported 520 
some localized movement of fine grains observed by micro CT.  Ellis and co-workers reported 521 
the dissolution of calcite from a fractured Amhurstburg limestone core (Ellis et al., 2013).  522 
Dissolution of the calcite cement increased surface roughness during CO2 flow-through reaction, 523 
and induced the release of silicate framework grains which clogged and closed the fracture, in 524 
this case decreasing permeability.  No change in permeability was reported after CO2-brine flow-525 
through reaction of a fractured marl cap-rock (Davila et al., 2016). However with the same 526 
experiment in the presence of a sulphate-rich brine gypsum precipitation decreased the 527 
permeability.  Precipitated gypsum was also observed to coat calcite surfaces and prevent 528 
extensive dissolution or re-plug pores in CO2-SO2-O2 reactions of calcite cemented sandstones at 529 
low salinity (Pearce et al., 2018a, 2018b).   530 
Dawson et al., (2015a) reported an increase in vertical unstressed N2 permeability of a 15 mm 531 
cube of calcite cemented Evergreen Formation from 1056 m after CO2 – low salinity brine 532 
reaction. The N2 permeability increased from 0.96 mD to 17 mD via the dissolution of calcite 533 
cement.  The vertical N2 permeability of a larger 40 mm cube was also reported to increase from 534 
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< 1mD to 187 mD after after CO2 – low salinity brine flow through reaction via calcite cement 535 
dissolution.  The brine permeability of a 1056 m 15 mm cube was also < 1 mD however it 536 
remained below detection after CO2 – low salinity brine reaction attributed to the lower 537 
accessibility of brine and the remaining presence of pore filling clays.  The stressed N2 vertical 538 
permeability of 1056 m (40 mm cube) was also reported to be low at 0.1 to 0.05 mD as stress 539 
was increased from 0.5 to 13 MPa.  After flow through reaction with CO2 in low salinity brine, 540 
the stressed permeability had however increased substantially to ~ 350 to 250 mD at 0 to 13 541 
MPa.  This increase was due to calcite cement dissolution opening pores.  The above suggests 542 
that calcite cemented cap-rocks may have the greatest risk (compared to other rock types) for 543 
dissolved CO2 reaction increasing porosity and permeability and potentially gas migration.  544 
However this may depend on the distance from injection, the location of calcite cements, and 545 
timescales involved.  Where CO2 is continually injected and dissolved CO2 is continually 546 
flushing through rock near the injection point the pH may remain low and induce calcite 547 
dissolution (as simulated by flow through or core flood experiments).  Whereas further from the 548 
injection point the lowered pH would likely be buffered over time and lower water:rock ratios 549 
and reactive surface areas are involved.  Therefore calcite dissolution extent is likely limited (as 550 
observed in batch experiments) especially where initial porosities and permeabilities are low 551 
limiting reactive fluid infiltration.  Upscaled reaction transport simulations using experimental 552 
and natural analogue input data would be needed to predict if the dissolution of calcite cements 553 
presents an issue at the field site scale.                  554 
 555 
4.3 Clay or feldspar-rich Cap-rocks 556 
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 The cap-rocks E1043m and E981m showed some measured increases in µCT porosity after CO2 557 
– formation water reaction.  However these were mainly related to changes in X-ray density of 558 
chlorite from Fe leaching and localized dissolution of carbonates (Brandt et al., 2003).  Some 559 
created connected porosity appeared to be limited to horizontal sandy laminations of E981m.  560 
Corrosion of reactive silicates including Fe-rich chlorite and plagioclase was evident from the 561 
water chemistry of both reactions, with higher concentrations than from reservoir rocks.  562 
Although mineral precipitation was not directly observed on the experimental timescales, 563 
decreases in the concentration of dissolved ions including Fe were observed indicating 564 
precipitation of minerals later started to occur.  Clay-rich cap-rocks from the Evergreen 565 
Formation and Hutton Sandstone of a different location and depth to the current study were 566 
previously batch reacted with water and CO2 for two weeks at 60°C and 12 MPa by Farquhar 567 
and co-workers (Farquhar et al., 2015).  Increases in concentrations of dissolved ions from 568 
carbonate and silicate minerals were reported initially followed by decreasing concentrations 569 
also indicating precipitation of kaolinite and an Fe-mineral.  Horner et al., (2014) also reacted 570 
powdered Hutton and Boxvale Sandstones which contained ~ 35 – 75 % plagioclase, clays, and 571 
calcite with CO2 and low salinity brine for 27 days at 0.1 – 3.8 MPa and 45°C (Horner et al., 572 
2014).  They also observed higher reactivity of clay and feldspar-rich rocks with higher 573 
concentrations of dissolved Si, K and Fe from clays, carbonates and feldspar compared to 574 
powdered reservoir Precipice Sandstone containing ~ 95% quartz and kaolinite.  Geochemical 575 
modelling of the experiments predicted dissolution of chlorite, albite, calcite and K-feldspar with 576 
precipitation of kaolinite.  Several other experimental observations of initial higher reactivity of 577 
cap-rocks to CO2-brine reported increasing concentrations of Fe, Si, Al, K, Ca etc. from 578 
dissolution of carbonates, clays and feldspars coupled with observations of corrosion features 579 
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(Carroll et al., 2013; Fischer et al., 2013;Kazsuba et al., 2005; Wdowin et al., 2014).  Carroll, 580 
Kazsuba and Wdowin also reported precipitation of minerals including montmorillonite, 581 
chalcedony, kaolinite and siderite.  Fe-rich chlorite has been observed in natural analogue 582 
situations over geologic timescales to be altered to siderite and kaolinite mineral trapping CO2 583 
(Farquhar, 2016; Watson et al., 2004).  The dissolved Fe from chlorite (as measured in the 584 
current experiments) has the potential to lead to mineral trapping as ferroan carbonates such as 585 
ankerite and siderite in the clay rich packages overlying the lower Precipice Sandstone.   586 
The permeability of Evergreen Formation feldspar-rich cap-rock from 1043 m has been reported 587 
elsewhere (Dawson et al., 2015a).  The unstressed N2 permeability of a 15 mm block was low at 588 
0.06 mD V, and increased slightly to 1.6 mD V after reaction.  The unstressed N2 permeabilities 589 
of a larger 40 mm drill core block were very low at 0.001 mD V, 0.003 mD Ha, and 0.001 mD 590 
Hb.  Dawson reported that CO2 dissolved in low salinity brine would not penetrate the sample 591 
during flow through testing, indicating its excellent sealing capacity, and after additional batch 592 
reaction the measured permeabilities increased to 0.04, 0.12 and 0.28 mD respectively. However 593 
these were still very low and attributed to loss of grains on the cube edges during reaction.  The 594 
reported stressed N2 permeabilities from 0.5 to 13 MPa were ~ 1.6 to 0.9 mD V, ~0.3 to <0.1 mD 595 
Ha, ~0.2 to <0.1 mD Hb.  After reaction only the vertical stressed permeability was reported, this 596 
had increased only at the lowest stress of 0.5 MPa to ~ 3.7 mD.  As the stress was increased 597 
above 0.5 to 13 MPa the vertical perm decreased to below the equivalent pre-reaction values to ~ 598 
1 to 0.4 mD.  This indicated that flow or migration pathways would remain restricted or closed in 599 
the cap-rock at the subsurface stress conditions limiting reaction and CO2-fluid migration.    600 
The integrity of clay-rich cap-rocks has been demonstrated at several CO2 injection several field 601 
sites and natural analogue sites (Fitts and Peters, 2013).  Generally any pre-existing poorly 602 
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cemented wellbores, and existing or created fractures and faults are likely to represent the main 603 
potential risk to leakage of CO2 or CO2 saturated water or brines, especially if they become 604 
reactivated or opened by changes in geochemical or geomechanical stress with injection of large 605 
volumes of CO2.  Further studies of cap-rock reactivity should include the behavior of fractured 606 
core, the response to injection of cold CO2, and the wellbore cap-rock interface.           607 
Experimental reactions of impure CO2 streams containing SO2 +/- O2 have also been reported on 608 
cap-rocks from the Surat Basin.  Precipitation of gypsum, clays and Fe-oxides were reported 609 
with SO2 or SO2 and O2 present in the CO2 stream (Pearce and Dawson, 2018; Pearce et al., 610 
2016; Pearce et al., 2015).  A decrease in the accessible fraction of mesopores (i.e. closing of 611 
pores) was measured after reaction of clay-rich and feldspar-rich cap-rocks with CO2-SO2-O2 612 
and low salinity brine (Pearce et al., 2018).  Precipitation of minerals in pore throats was 613 
observed and attributed to the porosity decrease.  CO2 streams from industrial sources may 614 
contain impurity gases therefore further studies on cap-rock permeability changes with impure 615 
CO2 are also suggested.        616 
             617 
5 Conclusions  618 
Six reservoir and cap-rock core samples including quartz-rich or calcite cemented sandstones, 619 
feldspar-rich and clay-rich cap-rocks from a proposed CO2 storage site were reacted with pure 620 
supercritical CO2 and low salinity formation water.  Sub-plugs were characterized before and 621 
after reaction with mercury injection, µCT and QEMSCAN, with drill core blocks directly 622 
imaged with SEM-EDS in the same positions where possible.  Sampled fluids were analysed for 623 
pH, conductivity, and major and minor ions to assist interpretation.     624 
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 Quartz rich sandstones had connected porosity and the largest pore throats, with minimal 625 
changes in porosity after CO2- formation water reaction.  This is favourable for the site as 626 
it indicates a low likelihood of scaling affecting injectivity.  Kaolinite fines movement at 627 
the lowered pH was however observed, and this and other published studies indicate it 628 
could affect permeability of reservoir sandstones positively or negatively depending on 629 
the initial rock characteristics.  This deserves further future work. 630 
  Dissolution channels were formed through calcite cemented sandstones, with pore filling 631 
clays revealed.  µCT porosity increased measurably, with pH buffered by calcite 632 
dissolution.  Ca, Mg, Mn, Sr increased from calcite dissolution, however silicate 633 
corrosion was not observed.  This and other studies show that calcite cemented facies 634 
have the highest relative potential short term risk of reaction and changes to porosity and 635 
permeability, which can affect CO2 migration.  Reactive transport models populated with 636 
experimental and natural analogue data are however needed in future to upscale the 637 
findings to the injection site scale where lower water:rock ratios are involved.   638 
 Cap-rocks had the smallest pore throat diameters associated with clays.  Dissolved Si and 639 
Fe were released from Fe-rich chlorite in clay-rich and feldspar-rich cap-rocks.  The 640 
resulting decrease in chlorite X-ray density contributed to overestimations of µCT 641 
porosity changes.  Resolvable porosity remained disconnected in the cap-rocks except in 642 
some horizontal sandy laminations.   The cap-rocks maintained their integrity and 643 
permeability studies have shown they are unlikely to allow migration of CO2.  Dissolved 644 
Fe from Fe-chlorite has the potential to lead to mineral trapping of CO2 as ferroan 645 
carbonates in rock packages overlying the reservoir.  646 
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 Published pure CO2 (and impure CO2) reactivity studies of cap-rocks remain sparse, 647 
especially at low salinity conditions relevant to several Australian target sites.  Combined 648 
experimental and geochemical modelling studies of changes to pore throats, porosity, 649 
stressed permeability and mineralogy are needed in future along with geomechanical data 650 
on a range of cap-rock facies.  An improved understanding of fractured cap-rock behavior 651 
and the wellbore cap-rock interface is also needed through combined experimental, 652 
modelling, field scale and natural analogue studies.   653 
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 670 
 671 
Figure A.  Schematic diagram of the experimental setup and cross section of a vessel.  ISCO = 672 
ISCO injection pump, P1-3 = Parr vessel 1-3, DA = data acquisition system.  673 
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